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A  novel  biosensor  for determination  of methanol  has  been  developed.  It comprises  a Methylobacterium
organophilium/gold nanoparticles  immobilized  eggshell  membrane  and  a  commercial  oxygen  sensor.
The response  mechanism  is  based  on the  respiratory  activity  of  the  bacterial  cells  with  a concomitant
consumption  of  dissolved  oxygen  on exposure  to  methanol  in  the  sample.  The  biosensor  displays  a linear
response  to  methanol  in  the  range  0.050–2.5  mM  with  a  detection  limit  of  0.047  mM (S/N  = 3)  and  a  relative
standard  deviation  of  2.3%.  The  response  time  is  less  than  60  s at ambient  conditions.  The  optimal  working
◦
ethylobacterium organophilium
iosensor
old nanoparticles
ggshell membrane
conditions  for  the  microbial  biosensor  are  pH  7.0 phosphate  buffer  (20  mM)  at 20–25 C.  The interference
test,  operational  and  storage  stability  of the  biosensor  are  studied  in  detail.  Finally,  the  biosensor  is
applied  to  determine  the  methanol  contents  in  the  apple  juices  and  the  results  are comparable  to  that
obtained  by gas  chromatographic  method.  Our  proposed  biosensor  provides  a convenient,  simple  and
reliable  method  to  determine  methanol  content  in real  samples.
©  2014  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).. Introduction
Methanol is a light, volatile, colorless, and ﬂammable liquid.
hen ingested, it is metabolized to formic acid and/or formate
alts, which are poisonous to the central nervous system and,
n extreme cases, can lead to blindness, coma, and death [1,2].
herefore, the accurate measurement of methanol is essential and
ecessary. Since methanol is a volatile organic compound, gas
hromatography (GC) is a suitable technique for its quantiﬁcation.
ead-space GC [3] is an ideal technique when the analyte(s) can
e completely released or partially released from the liquid to the
eadspace under conditions of equilibrium. However, we  found
hat the release of methanol from solid pulp ﬁbers is extremely
low, taking several weeks or months to reach equilibrium. This
s probably a result of the strong molecular interaction between
ethanol and the polar functional groups in the pulp ﬁbers [4–6].
As such, there is a demand to develop a simple and cost-
ffective method for determination of methanol without sacriﬁce
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ttp://dx.doi.org/10.1016/j.snb.2014.04.107
925-4005/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unof accuracy and selectivity. Enzymes are the preferred choice in
biosensor construction owing to their high speciﬁc activities and
analyte sensitivities. So far biosensors based on alcohol oxidase
[7–9], alcohol oxidase-peroxidase coupled system [10,11], alcohol
dehydrogenase [12–14] have been developed. Unfortunately their
uses in biosensor construction are still limited by the tedious, time-
consuming and costly enzyme puriﬁcation procedures. In addition,
multiple enzymes or cofactors/coenzymes are often required to
generate measurable products. Thus, microorganisms have been
proposed as an alternative to these bottle-necks [15]. As enzyme
puriﬁcation is unnecessary, whole microbial sensors are simple and
inexpensive systems to construct [16] and enzymes are usually
more stable in their natural environment in the cell [17]. On the
other hand, microbial biosensors possess some disadvantages in
comparison to enzyme-based biosensors. For instances, they have
low selectivity and longer response time [18]. When viable micro-
bial cells are involved, a gentle immobilization technique should be
used to keep the cells in their metabolic active forms.
Recently it has been reported that eggshell membrane could
be used to immobilize enzyme and bacterial cells to construct
enzyme [19–26] and microbial biosensors [27,28], respectively.
Eggshell membrane is mainly composed of biological molecules
and protein ﬁbers. The net-veined structure and the gas-permeable
hydrophilic property of eggshell membrane provide an excellent
biological microenvironment for the cells to survive and maintain
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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ts enzymatic activity. The combination of nanometer materials
nd biomolecules has received considerable interest in the ﬁelds
f biotechnology and bioanalytical chemistry because nanoparti-
les especially gold nanoparticles (AuNPs) can play an important
ole in improving the biosensor performance attributing to their
arge speciﬁc surface area and excellent biocompatibility.
In the present work, we report a feasible method to construct
n AuNPs-microbial biosensor as depicted in Scheme 1. Brieﬂy,
ercaptopropionic acid was ﬁrstly attached to an eggshell mem-
rane by the acylation reaction and then AuNPs were linked
o the exposed thiol groups of mercaptopropionic acid. After-
ards, another layer of mercaptopropionic acid was bonded to
he AuNPs to capture the bacterial cells (Methylobacterium (M.)
rganophilium). As such, a layer of bacteria was immobilized
n the surface of the electrode to form a microbial biosen-
or. By this means, bacterial cells could be covalently attached
o the eggshell membrane. A microbial biosensor based on M.
rganophilium/AuNPs immobilized eggshell membrane and a com-
ercial oxygen (O2) sensor has been developed for simple and
ast determination of methanol. The response mechanism is relied
n the respiratory activity of the bacterial cells with a concomi-
ant consumption of dissolved O2 on exposure to methanol in the
ample.
. Experimental
.1. Chemicals and reagents
Methanol (>99.9%, v/v) was purchased from Tianjin Reagent
orporation (Tianjin, China). Chloroauric acid trihydrate
HAuCl4·3H2O) was obtained from Sigma. All other chemicals
f analytical grade were used as received. Deionized water was
sed to prepare standard and buffer solutions. Apple juices were
ought at a local grocery. Once opened, the juices were stored as
rozen samples at −18 ◦C.
.2. Apparatus
A Pasco CI-6542 dissolved O2 electrode and CI-6400 Science
orkshop 500 interface (Roseville, CA, USA) were employed to con-
truct the microbial biosensor. An 81-2 thermostat magnetic stirrer
Shanghai Leici Xinjing Apparatus Corporation, Shanghai, China)
as used to maintain constant stirring of solutions. The methanol
ontents in wine samples were determined on an Agilent 6890N GC
quipped with a ﬂame ionization detector (Palo Alto, CA, USA). An
gilent HP-INNOWAX capillary column (30 m × 0.32 mm i.d., ﬁlm
hickness 0.1 m)  was employed for separation. Ultra-high purity
99.999%) nitrogen was used as the carrier gas at a ﬂow rate of
.0 mL/min. The injection volume was 1.0 L and all the injections
ere performed in a split ratio of 1:10. The column temperature
as set isothermally at 90 ◦C. The injector and detector tempera-
ures were at 250 and 280 ◦C, respectively. The obtained GC results
ere compared with that of the proposed biosensor method.
.3. Biological material
M.  organophilium was collected from water samples of Jinyang
ake (Taiyuan, Shanxi Province, China) and incubated for 7 days
t 30 ◦C and 200 rpm in the culture medium containing 3.0 g yeast
xtract, 0.5 g KH2PO4, 0.5 g Na2HPO4, 0.4 g NaCl, 1.0 g KNO3, 0.5 g
H4Cl, 1.0 g MgSO4·7H2O, 0.2 g CaCl2, 4.0 mg  FeSO4·7H2O, 4.0 mg
uSO4·5H2O, 4.0 mg  MnSO4·H2O, 4.0 mg  ZnSO4·7H2O, 0.24 mg
a2MoO4·2H2O, and 20 mL  methanol per liter of distilled water.
ethanol was provided as the single carbon source for bacteria
rowth. Cultures of M.  organophilium,  grown as described above,
ere diluted at a ratio of 1:50, inoculated into fresh culture mediumors B 201 (2014) 586–591 587
and grown to late exponential phase (culture optical density at
600 nm = 0.60, pH 7.0 ± 0.25). The cells were collected by centrifu-
gation at 6000 rpm (2400 × g) for 15 min  and then were washed by
0.9% NaCl and re-centrifuged. The obtained cellular paste was  used
for biosensor construction.
2.4. Assembly of methanol biosensor and determination
AuNPs were prepared according to the literature [29]. An
eggshell membrane was carefully peeled from a fresh eggshell.
It was  cleansed with copious amounts of deionized water. The
cleaned eggshell membrane was immersed in a 10 mM mercapto-
propionic acid solution for 1 h at room temperature. The resulting
covalently bonded eggshell membrane was thoroughly rinsed with
distilled water to remove physically absorbed mercaptopropi-
onic acid. The modiﬁed eggshell membrane was  subsequently
immersed in the AuNPs solution for 6 h, followed by immersing
in a 10 mM  mercaptopropionic acid solution for 1 h at ambient
conditions. The surface was  then washed with distilled water to
remove any loosely bound species. The bacterial cells were cova-
lently attached to the mercaptopropionic acid modiﬁed AuNPs by
immersing the above eggshell membrane into a 0.020 M phosphate
buffer (pH 7.0) containing of 20 mg  cells for 1 h at ambient condi-
tions. Then, it was washed with distilled water to remove unbound
cells [30]. After washing, the membrane was positioned on the sur-
face of an O2 electrode and kept in steady position by an O-ring.
The electrode was then exposed to a stirred 10-mL phosphate buffer
solution (20 mM,  pH 7.0). Various volumes of standard (0.10 mM)  or
sample methanol solution were injected into the phosphate buffer
solution. The dissolved O2 signal was captured and processed by a
data logger system consisting of a Science Workshop 500 inter-
face, serial cables, power supply and control software. The data
were logged in a computer for real-time display and processing.
When the methanol biosensor was  not in use, the cells-immobilized
eggshell membrane was  removed from the O2 sensor and stored in
a pH 7.0 phosphate solution at 4 ◦C unless otherwise stated.
3. Results and discussion
3.1. Response behavior of microbial biosensor
The O2 sensor acting as an O2 transducer was employed to mea-
sure the rate of O2 consumption during the bacterial oxidation of
methanol. The response of the methanol biosensor is the decrease
in dissolved O2 content upon exposure to methanol solution. The
decrease in dissolved O2 concentration could be determined as the
analytical signal of the biosensor. Fig. 1 shows a typical response
curve of the methanol biosensor on exposure to the successive step
changes of the methanol concentration. The biosensor is sensitive
to methanol.
3.2. Effect of cells loading
It is well known that the response of microbial biosensor should
depend on the amount of immobilized microorganisms. For the
optimization studies, ﬁrstly, the effect of cells amount on biosen-
sor response was  investigated. Biosensors containing 5.0, 10, 20,
30, 40 mg  of bacterial cells were prepared and their responses to
methanol were measured. The larger amount of the cells, the higher
response to methanol. However, too high amounts of cells cause
smaller signals. It is an expected result that could arise from the lim-
itation of diffusion of O2 resulting in the decrease in the signals. This
observation could be explained by the lower efﬁciency of substrate
oxidation owning to the deﬁciency of O2 in the layer of immobilized
cells [31]. Among the amounts of cells used, 20 mg  of bacterial cells
588 G. Wen  et al. / Sensors and Actuators B 201 (2014) 586–591
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as found to produce the highest response to methanol; thus, this
mount was chosen for all subsequent measurements.
.3. Sensitivity of biosensors with and without gold nanoparticles
In order to compare the sensitivity of biosensors with and with-
ut AuNPs, they were fabricated and applied to detect a 1.10 mM
ethanol solution as depicted in Fig. 2. It was found that the sen-
itivity of the biosensor with AuNPs show higher sensitivity to
ethanol than that without AuNPs. It is possibly attributed to the
arger speciﬁc surface area and excellent biocompatibility of the
uNPs to the bacterial cells..4. Effect of pH
Fig. 3 displays the effect of pH (5.0–10.0) on the biosensor
esponse to 0.10 mM methanol. The response increases with the
ig. 1. Dynamic response curves of the methanol biosensor on exposure to vari-
us concentrations of methanol at pH 7.0 phosphate buffer solution (20 mM).  (0)
hosphate buffer, (1) 0.30, (2) 0.50, (3) 0.70, (4) 0.90, and (5) 1.10 mM methanol.s and bacterial cells on eggshell membrane.
increase in pH until it reaches the maximum at 7.0 and then
decreases afterwards. The results indicate that the bacterial cells
are probably deactivated at too low or too high pH. As a result, pH
7.0, which is much closer to the pH of the growth medium, was
chosen as the optimum and used for further studies.
3.5. Effect of temperature
Since the metabolic activity of microorganisms is dependent on
the temperature, the microbial biosensor was  measured at different
temperatures. Fig. 4 displays the biosensor response to 0.10 mM
methanol at 20–40 ◦C. The response increases with the increase in
temperature until it reaches the highest at 30 ◦C. The decrease in
response above 30 ◦C is possibly attributed to denaturation of the
microorganisms by excess heat and/or the reduction of O2 level
in the solution. Hence, 30 ◦C was conducted for all measurements.
Fig. 2. The response of biosensors (1) without and (2) with gold nanoparticles to
1.10 mM methanol.
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Table  1
Effect of potential interferents (2.5 mM)  on the microbial biosensor.
Interferent Lactic acid l-Ascorbic acid Acetic acid Propionic acid Formic acid Fructose Glucose Maltose Ethanol
Dissolved oxygen consumed (mg/L) 0.036 0.042 0.053 0.028 0.016 0.023 0.036 0.045 0.076
Methanol equivalenta (mM) 0.0053 0.0092 0.017 NDb NDb NDb 0.0053 0.011 0.032
a Determined from the calibration curve in Fig. 5.
b Not detected, i.e., lower than the detection limit of the microbial biosensor.
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brom an average value of three replicate measurements. The error bars display the
tandard deviation of each data point. 0.10 mM methanol in phosphate buffer (pH
.0)  was used.
hese data are in good agreement with the general knowledge of
he physiology of microorganisms [32].
.6. Analytical ﬁgures of merit of methanol biosensor
The response time is deﬁned as the time taken to obtain a 95%
teady-state signal when a microbial biosensor is exposed to a
nown concentration of standard solution [33]. In this study, the
icrobial biosensor could achieve 95% of the steady signal within
0 s. Fig. 5 depicts the linear response of the biosensor from 0.050
o 2.5 mM methanol with a regression equation: decrease in dis-
olved O2 (mg/L) = 1.5034 [methanol] + 0.0281; r2 = 0.9956 where
he concentration of methanol is in mM.  The microbial biosensor
as a detection limit of 0.047 mM determined at a signal-to-noise
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ig. 4. Effect of temperature on the response of microbial biosensor. Each data was
btained from an average value of three replicate measurements. The error bars
isplay the standard deviation of each data point. 0.10 mM methanol in phosphate
uffer (pH 7.0) was  used.ratio of 3. The repeatability of the biosensor was  assessed by sub-
jecting the microbial biosensor repetitively to a 0.10 mM methanol
in pH 7.0 phosphate buffer (20 mM)  for ten times. The RSD of the
response is 2.3%, demonstrating that the biosensor has excellent
repeatability. The biosensor could maintain 69% of its initial activ-
ity after 60-day of storage in a pH 7.0 phosphate buffer. The lifetime
is relatively longer than that of a biosensor based on alcohol oxidase
[34–36]. It is plausible that the catalytic capacity of the enzymes in
the bacterial cells can be much better maintained in the living cells
environment. By contrast, the enzyme alcohol oxidase rapidly loses
its activity when it is isolated from the whole cells. In addition, the
eggshell membrane can provide an excellent biological microenvi-
ronment for the cells to survive and maintain its enzymatic activity.
3.7. Interference study
The selectivity of the sensor was evaluated with several inter-
ferents at the concentration of 2.5 mM in 20 mM  phosphate buffer
at pH 7.0. The microbial biosensor shows negligible responses to
these interferents and the results are summarized in Table 1. The
potential interferents do not interfere with the detection, indicating
good selectivity of the designed biosensor. Since M. organophilium
is a kind of microorganism which depends solely on methanol as
its carbon and energy source, it should exhibit good selectivity to
methanol. Moreover, this microorganism possesses the advantages
of fast growth rate and ease of manipulation. It is also very robust
as it can tolerate a wide range of physicochemical conditions such
as pH, temperature.
3.8. Sample analysis
Fruit juices can contain small amounts of methanol due to the
cleavage of natural methyl esters (pectin) before or during the man-
ufacturing process [37]. Three different apple juices were analyzed
with the biosensor after the biosensor had been calibrated with
methanol standard solutions. Table 2 summarizes the results of
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Fig. 5. Calibration curve of the microbial biosensor at the methanol concentration
of  0.050–2.5 mM.  The error bars display the standard deviation of each data point.
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Table 2
Determination of methanol in apple juices by the microbial biosensor and gas chro-
matographic methods.
Sample Microbial biosensora
(mM)
Gas chromatographya
(mM)
Juice A 0.998 ± 0.006 1.029 ± 0.004
Juice B 0.897 ± 0.011 0.905 ± 0.002
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chemistry under the supervision of professors Chuan Dong and Shaomin Shuang.Juice C 1.936 ± 0.0175 1.967 ± 0.003
a Average of three replicates.
ample analysis. The results obtained from the biosensor method
re slightly lower than that of the GC method. It is possible that
ome interferents in the samples cause inhibition effect on the
iosensor. Fortunately, their effects are not serious since there are
o signiﬁcant differences between the values obtained from the
roposed biosensor and GC methods. Our results demonstrate that
he microbial biosensor offers an excellent, accurate and precise
ethod for the determination of methanol in real samples.
. Conclusion
M.  organophilium cells were immobilized together with AuNPs
nto the surface of eggshell membrane to fabricate a microbial
iosensor in conjunction with a commercial O2 sensor. The pro-
osed biosensor could be prepared without requiring any complex
mmobilization procedures. The bacterial cells biosensor shows
ood linearity, repeatability and high operational stability. It was
xposed to different substrates and they did not produce any sig-
iﬁcant responses to the biosensor, indicating that the proposed
iosensor has high selectivity to methanol detection.
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